We demonstrate a III-V/silicon hybrid external cavity laser with a tuning range larger than 60 nm at the C-band on a silicon-on-insulator platform. A III-V semiconductor gain chip is hybridized into the silicon chip by edge-coupling the silicon chip through a Si3N4 spot size converter. The demonstrated packaging method requires only passive alignment and is thus suitable for high-volume production. The laser has a largest output power of 11 mW with a maximum wall-plug efficiency of 4.2%, tunability of 60 nm (more than covering the C-band), and a side-mode suppression ratio of 55 dB (>46 dB across the C-band). The lowest measured linewidth is 37 kHz (<80 kHz across the C-band), which is the narrowest linewidth using a silicon-based external cavity. In addition, we successfully demonstrate all siliconphotonics-based transmission of 34 Gbaud (272 Gb/s) dual-polarization 16-QAM using our integrated laser and silicon photonic coherent transceiver. The results show no additional penalty compared to commercially available narrow linewidth tunable lasers. To the best of our knowledge, this is the first experimental demonstration of a complete silicon photonic based coherent link. This is also the first experimental demonstration of >250 Gb/s coherent optical transmission using a silicon micro-ring-based tunable laser. 
Introduction
Silicon photonics (SiPh) devices have gained significant market traction in metro, data center interconnect, and intra-data center applications, and are widely viewed as a key technology for next-generation networks which will require high data rates, high density, energy efficiency, and low cost [1] [2] [3] [4] [5] [6] [7] . This kind of technology can be used to address a wide range of applications from short-reach interconnects [8] [9] [10] to long-haul communications [11] [12] [13] [14] [15] . However, practical silicon-based light sources are still missing, despite the progress in germanium lasers [16, 17] , as both silicon and germanium are indirect-band semiconductors and inefficient at light generation. This situation has propelled the study of III/V-based laser integration on silicon-on-insulator (SOI) platform.
Laser integration approaches fall into three general categories: monolithic, heterogeneous, and hybrid. Monolithic integration involves the direct hetero-epitaxy of III-V materials [18] [19] [20] . Heterogeneous integration consists of the attachment of unprocessed III-V material to a silicon chip or wafer and the subsequent co-fabrication to form a laser [21] [22] [23] [24] [25] . Hybrid integration refers to the integration of a finished gain chip with a silicon chip or silicon wafer [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
In this paper, we present a tunable laser with an 'external' silicon cavity for coherent communications. The laser is integrated by hybridizing a III-V reflective semiconductor optical amplifier (RSOA) chip into etched pit receptor sites inside the silicon-on-insulator wafer. Our laser integration approach is designed to require only passively aligned bonding and allows multiple lasers to be integrated at the same time, which guarantees scalability, increases throughput, and lowers cost. The laser shows a measured wavelength tuning range larger than 60 nm with a maximum output power of 11 mW, lowest linewidth of 37 kHz (<80 kHz across C-band), and largest side-mode suppression ratio (SMSR) of 55 dB (>46 dB across C-band).
In addition, we have successfully demonstrated a 34-Gbaud (272 Gb/s) dual-polarization 16-ary quadrature amplitude modulation (16-QAM) back-to-back transmission using our III-V/silicon hybrid external cavity laser (ECL) and a silicon photonic transceiver. Although a variety of coherent transceivers in silicon photonics have been demonstrated [11] [12] [13] [14] [15] , none of those works use a silicon photonic based laser. To the best of our knowledge, this is the first experimental demonstration of a complete silicon photonic based coherent link.
Laser design

Laser structure
The tunable laser is constructed with a passively bonded RSOA, a spot-size converter (SSC), and a reflective external cavity built from ring resonators [36, 37] . The schematic of the III-V/silicon hybrid laser is shown in Fig. 1 . For this work, we use 600 µm long Indium-Phosphide (InP) multi-quantum-well (MQW) based RSOA as gain material. The output waveguide of the RSOA is angled by 9° and antireflection (AR) coated to reduce the back reflection at the facet. The rear facet of the RSOA is coated with a high-reflectivity (HR) coating. The SSC is implemented to provide modematching between the RSOA and the silicon waveguide (see section 2.2). A directional coupler (DC) is connected to the SSC in order to split 37% of the power to the laser output port and 63% (or -2 dB) to the external cavity. For this prototype, a high coupling ratio is chosen to guarantee enough feedback provided by the external cavity and achieve lower threshold currents. On a production level, the coupling ratio can be optimized to trade for higher laser power.
A dual-ring Vernier filter is put at the end of the external cavity to form a tunable filter with wide tuning range. The details of the ring design are discussed in section 2.3. The dualring structure is connected to a Y-junction to form an inline reflector. The Y-junction with dual-ring as a whole can be regarded as a wavelength-selective reflector (WSR). Compared to dual-ring designs with Sagnac loop mirror at the end [32] , light travels in the WSR only once, reducing the round-trip loss by a half and hence increasing the feedback amplitude. A phase tuner is included before the WSR to fine-tune the longitudinal mode of the laser cavity, in order to control mode hop behavior. By increasing the biasing voltage of the phase tuner, the longitudinal mode of the laser red shifts with respect to the WSR and can be aligned to the center of the WSR reflectivity peak. Between the WSR and phase tuner, a 2% DC tap to a monitoring photodetector (MPD) allows us to monitor of the feedback within the external cavity. We used 500 nm x 220 nm ridge waveguide for routing in the SOI chip. The total routing waveguide length of on the silicon photonics chip is ~1100 µm, which results in the simulated longitudinal laser mode spacing of ~0.18 nm. The laser output consists of a 5-µm mode field diameter edge coupler intended to couple light into a lensed fiber.
Spot-size converter
Due to the large mode mismatch between RSOA waveguide and silicon waveguide, we introduce an optical spot-size converter on the silicon photonics chip to reduce the coupling loss between the chips. Simulation result in Fig. 2 shows how the electric field of the Si3N4 SSC waveguide (a) is comparable to the mode of the RSOA chip (b), here the mode mismatch is only -0.18 dB representing a 96% mode overlap. The SSC coupler has an experimentally measured efficiency of (0.73±0.06) dB on precision 6-axis alignment stages. Although the mode mismatch between the modes can be small, practically the coupling efficiency is lower than 96% given misalignments and the presence of a chip-to-chip gap. From 3D FDTD simulations shown in Fig. 3 , we find that a 0.5 µm vertical misalignment (y-axis) increases the mode mismatch by 1.2 dB; the coupler is more resilient in the horizontal direction (x-axis) given the asymmetric mode shape, the same 0.5 µm misalignment would result in a 0.5 dB increase in insertion loss. Further, the waveguides from RSOA and the SiPh chips are not in contact, there is a chip-to-chip gap. The Si3N4 waveguide is recessed from the facet of the SiPh chip by ~1.1 µm and a ~15° sidewall angle of the SiPh chip limits how close the two chips can be brought together. From simulations, we find that a 2 µm chip-to-chip gap increases the total insertion to 2.82 dB. In our best samples, we achieved an insertion loss for our flip-chip bounded laser chip of ~2.8 dB; we estimate that ~2 dB is due to the chip-to-chip gap and that the remaining is caused by x/y misalignments. 
External double-ring resonator laser cavity
The ring resonator layout is similar to our previous work [38] . The add-drop ring resonator performance is simulated by analytical means [39, 40] with parameters extracted from experimental data. One ring resonator has a bend radius of 20 µm (R1) and an FSR of 4.99 nm near 1550 nm. The measured Q-factor is 5500. The other ring resonator has a bend radius of 16.3 µm (R2) and an FSR of 6.13 nm near 1550 nm. The measured Q-factor is 4800. The Vernier ring reflected spectrum is plotted in Fig. 4(a) . When the rings reflection is aligned at 1570 nm, the side mode extinction is larger than 8 dB across a 60nm range (1510 nm -1570 nm), more than sufficient to operate over the entire C-band. Q-factor of the highest peak (where threshold condition is met) is about 8000. The simulated and measured reflected spectra of R1 and R2 are shown in Fig. 4 (b). We observe excellent agreement between simulation and experiment. The experimental data (with grating coupler envelope de-embedded) is measured on wafer-scale through grating coupler, and hence limited from 1525 nm to 1575 nm, due to degradation of grating coupler efficiency at the edge wavelengths. Out of this range, extinction ratio of ring resonances becomes limited by power-meter noise floor, which affects modeling accuracy in simulation. With the extracted ring model, we also aligned the reflection peak to other wavelengths from 1510 nm to 1570 nm and observed >8 dB side mode extinction ratio in all cases. The spectra at different wavelengths are slightly different from a shifted spectrum of Fig. 4(a) , due to dispersion in silicon waveguide. With >8 dB side mode extinction ratio and 60 nm tuning range, the dual-ring design is readily integrated with a RSOA to build a stable, C-band tunable single mode laser.
Laser fabrication and integration
The silicon photonic chip was fabricated at a complementary metal-oxide-semiconductor (CMOS) foundry using standard CMOS-compatible processes. The substrate is an SOI wafer with a 220-nm device layer. Front end etching and doping processes are used to build the waveguides and active components. A pit is formed with hard-stop structures embedded, in order to aid in aligning the silicon photonics chip with the III-V device.
The InP RSOA chip was built in a III-V foundry using standard III-V processing techniques. The substrate was a 100 mm InP wafer with an epitaxial grown 1.9 µm wide ridge waveguide layer. The MQW layer was built using five AlGaInAs quantum wells with a gain spectrum centered in the C-Band at operating temperatures. The optical mode was roughly centered in the quantum well region which was located directly under the ridge. The extracted waveguide loss for RSOA is 12 1/cm. A series of etches defined the hard stop at the MQW layer as well as a recessed gold contact pad for bonding with the locations of these features matching that of the silicon photonic chip. The InP wafer was cleaved into bars which were HR coated on the back facet and anti-reflection coated on the front facet. AR facet was coated to 1.45 to match the effective index of the mode in the silicon photonics and of the index matching gel making a pair of low reflection interfaces. The bars were then cleaved into chips comprising two channels each.
InP integration onto the silicon photonics chip was accomplished using a high-precision bonder with placement accuracy of +/-0.5 µm. Vertical alignment was accomplished using the hard stop features on the silicon photonics and InP chips. Angular and planar alignments were accomplished using the bonder's vision system which utilized alignment features defined on both chips. Figure 5 shows the optical image of the Vernier rings and the hybrid assembled chips. 
Laser characterization
Mode-hop free Light-Current curve at fixed wavelength
The investigated device can be tuned across C-band for any ITU channel. The device is temperature controlled to 25° C using a thermoelectric cooler (TEC). The output fiber coupler is a 5-µm mode field diameter edge coupler. There is an off-chip isolator with 30 dB isolation connected during the measurements. Figure 6 (a) shows the L-I-V (Light-Current-Voltage) curve of the laser with the lasing wavelength at 1546.88 nm (193.8 THz). The lasing threshold is observed at 30 mA. For the fabricated device the observed threshold and output power suggest additional unaccounted loss of 1.2 dB in addition to the expected 2.8 dB coupling loss. The total loss of the device is ~4 dB. Wall-plug efficiency (WPE) can be determined by dividing the on-chip power by the amount of power going into driving the RSOA chip. As shown in Fig. 6 (b) the ECL achieves peak WPE of 4.2% around at an injection current of 90 mA. A major challenge for III-V/silicon hybrid external cavity lasers is overcoming wavelength drift and mode-hopping during the lifetime of the laser [41, 42] . An example of both wavelength drift and mode-hopping can be seen in Fig. 7(a) , where the laser spectrum is plotted as a function of injection current, without employing any ring or phase tuning. The lasing wavelength is seen to drift until it mode hops around 160 mA by 0.1 nm to the next longitudinal mode. This wavelength drift at the mode hop is smaller than the laser longitudinal mode spacing calculated section 2.1, which is similar to the observation in [27] . Additionally, the wavelength drift before the mode-hop (or between the two mode hops) is larger than laser longitudinal mode spacing. The reason is that as the RSOA's current increases, not only does the RSOA's temperature increase, but also the temperature of the Si slightly increases as well, resulting in red-shifted ring wavelengths. Both wavelength drift and mode-hopping can be prevented over the long term by dynamically changing the biasing voltages to hold both of the rings at a given wavelength, and by modifying the bias on the phase shift element (PS0) to hold the longitudinal mode of the laser cavity steady. To obtain the graph shown in Fig. 7 (b) we tune two rings (R1 and R2) and the phase shift element (PS0) for every current data point, using thermal phase tuners on each element [43] . The ring biases are initially set to power values corresponding to the selected wavelength (Fig. 8) . For the graphs shown in Fig. 6(a) and Fig. 7 (b) R2 power is set to 0 mW, and R1 power is varied within 0.5 mW around a center value of 8 mW based on the maximum current reading from the MPD. This corresponds to a lasing wavelength of 1546.88 nm. The phase tuner is initially set to a value corresponding to maximum reading on the MPD. Aligning the rings as described result in maximum reflectivity and hence maximum power on the MPD. The rings are hence aligned with each other by maximizing the photocurrent reading on the MPD. The laser cavity phase tuner is then scanned and set to a value that biases the laser longitudinal mode to the center double ring resonance [43] . This way we keep the lasing mode away from mode-hop regions. However, tuning the phase tuner might cause the lasing wavelength to drift, consequently requiring further adjustment of the ring biases. This procedure is iteratively repeated until the measured wavelength matches the target wavelength. For this procedure, we use an optical spectrum analyzer (OSA) to monitor the lasing wavelength as the injection current is increased. This method allows us to tune and maintain the lasing peak around the desired wavelength to within OSA's resolution of 0.02 nm for every injection current, corresponding to tuning accuracy of +/-1.25 GHz in frequency. Such accuracy is within the tolerance needed in most communications applications (+/-2.5 GHz) [44] . This procedure is employed to demonstrate a mode-hop and wavelengthdrift free operation as shown in Fig. 7(b) and ensure ITU-compliant operation away from mode-hop points. Further work is needed to ensure that wavelength is continuously stabilized during the laser operation. Figure 8 shows the lasing wavelengths under different thermal tuning power applied to the ring resonators with RSOA drive current of 180 mA. For every data the phase tuner was scanned between the first and second π shift and optimized to a center maximum. This ensures operation away from mode-hop regions. Single-wavelength lasing with a SMSR in excess of 46 dB was obtained across a 60-nm tuning range. The tuning range covers the entire telecommunication C-band. The color plot shows the laser tunability from 1515 nm to 1575 nm. The hue gradient along the diagonal color lines shows that the wavelength can be continuously tuned. Each one of the diamonds overlaid on the color plot represents the wavelength for an ITU channel in a 100 GHz ITU grid across the entire C-band. Figure 9 also shows that the tuning range of the laser covers the entire C-band. 
Tunability
Spectral performance (SMSR and linewidth)
The SMSR was measured using an OSA with a resolution of 0.02 nm at room temperature, with a drive current of 180 mA. The highest measured SMSR was 55 dB, as indicated in Fig.  10 (a). Figure 10 (b) shows the measured SMSR at different wavelengths according to the Cband 100-GHz spacing dense wavelength division multiplexing (DWDM) ITU grid. The measured SMSR is larger than 46 dB from 1525 nm to 1575 nm, being smaller at the edges of the gain bandwidth. The linewidth of the laser cannot be determined from the spectrum in Fig. 10(a) , because the laser linewidth is smaller than the resolution of the OSA. To measure the linewidth, we adopt a heterodyne measurement method [24, 45] . The output from our laser was mixed with a tunable laser (Keysight N7711A) and passed through a coherent receiver. The electrical signal is then observed on a real-time scope. The combined linewidth is analyzed from the FM noise spectrum, by taking the average of the flat region of the noise spectrum (between 20 MHz and 80 MHz) and multiplying by π [45] . The linewidth integration time of our measurement can be calculated to be 25 µs. Our linewidth integration time was set properly to measure the entire FM-noise spectrum, especially the bottom flat region of the FM-noise spectrum (where we extracted the linewidth). The intrinsic linewidth of the reference Keysight laser was measured using the same method (~40 kHz). The intrinsic linewidth of our ECL laser can be obtained by subtracting linewidth of the reference laser from the combined value. The measured linewidth for the ECL is below 80 kHz for 7 wavelengths selected as samples across the C-band as shown in Fig. 10(d) . As a complimentary measurement to the linewidth we have also measured the relative-intensity-noise (RIN) of our laser at various wavelength using a Sycatus RIN measurement system. We have the determined that for wavelengths in the C-band the maximal RIN in a frequency range from 100 MHz to 13 GHz was better than -135 dB/Hz. Due to the limited sensitivity of the system values lower than -135 dB/Hz cannot be measured.
Coherent transmission
Experimental setup
To further evaluate the real-world performance of the laser, a coherent optical transmission experiment is needed [46] . We tested our laser in a noise-loaded, high-speed, dualpolarization (DP), 34 Gbaud, 16-QAM, non-differential coherent transmission system operating at 272 Gb/s with 25% FEC overhead and 3x10 -2 threshold. Figure 11 illustrates the setup used for this test. One highlight of this system is the integrated, silicon photonics-based, modulator/receiver assembly (IMRA). The IMRA houses a silicon photonic integrated circuit (PIC) containing a DP-QPSK modulator (transmitter) and an optical hybrid. The IMRA also houses four low-noise TIAs, which, along with the optical hybrid, form the coherent receiver. The IMRA package has three fibers: one fiber is used for the external continuous-wave (CW) laser (our laser), which is split internally inside the package to serve as both the laser source for the transmitter and the local oscillator for the receiver. The second fiber is used for the output of the optical transmitter (Tx). The third fiber is used for the input signal into the coherent receiver (Rx). A commercial, four channel, high-speed DAC and driver provided the high-speed 34 Gbaud, 16-QAM signals driving the DP-QPSK modulator. The transmitted 272 Gb/s optical signal was noise-loaded and looped back into the Rx signal port of the IMRA. A commercial high-speed ADC and DSP were used to digitize and process the output signals from the IMRA receiver and measure the bit-error-rate (BER) performance of the system. The noiseloading setup (ASE source, optical filter, and variable optical attenuator (VOA)) allowed us to control the optical signal-to-noise ratio (OSNR). An erbium-doped fiber amplifier (EDFA) and VOA were placed at the Tx output to boost and control the optical power into the receiver. An optical spectrum analyzer measured the signal power and OSNR into the receiver. With this setup, we can measure BER vs OSNR performance of the transmission system. Our tests were performed in loopback (back to back) mode. This configuration provided a simple way to test whether the DSP can handle the linewidth of the laser source. We note that in coherent transmission systems, the section of the DSP which handles the laser linewidth is separate from the section of the DSP section which handles fiber dispersion. Therefore, for this particular test, we chose not to propagate the Tx signal over long lengths of fiber.
Experimental results of 34-Gbaud 16-QAM transmission
In order to assess the performance of our laser source in the coherent system, we made two measurements. First, a reference measurement was made with a commercial tunable laser source (Santur ITLA) suitable for long-haul coherent systems. The CW laser power was 16 dBm. The laser wavelength was 1547.2 nm. The optical signal power into the receiver was -10 dBm. This first measurement provided a baseline OSNR vs BER curve at -10 dBm input into the receiver. For the second measurement, the commercial laser was replaced with our laser source (this work). An EDFA was used to boost the output from our laser to 16 dBm. Figure 12 shows the comparison between the OSNR vs. BER curves measured at 1547.2 nm with both the commercial laser and our laser (this work). No noticeable shift was observed between the two curves, and no uncorrected errors were detected up to the FEC threshold. Similar results were obtained with a slightly different setup, in which we compared our laser against the reference laser as source for a noise-loaded, LiNbO3-based, 16-QAM, 272 Gb/s transmitter looped back into our SiPh Rx, but using a commercial laser (ITLA) as the local oscillator. Figure 13 depicts the constellation diagrams of the 34 Gbaud dual-polarization 16-QAM using (left) our ECL, and (right) reference laser. The quality of the received signals in both cases are comparable. We note that it would not be possible to record a clean 16-QAM constellation if our laser was not high quality. These results confirm the suitability of our laser for coherent transmission applications. To the best of our knowledge, this is the first experimental demonstration of a complete silicon photonic based coherent link. This is also the first experimental demonstration of >250 Gb/s coherent optical transmission using a silicon micro-ring-based tunable laser, which is >4 times faster than the previous result [46] .
Discussion
The demonstrated III-V/silicon hybrid external cavity laser has three advantages: (1) multiple laser channels can be passively aligned simultaneously, which is suitable for high-volume production of single and multi-channel lasers, (2) the high Q-factor Vernier ring provides a wide tuning range and a narrow linewidth, and (3) mode-hop-free operation and wavelength locking operation are achieved by active controls. Table 1 compares the performance of our work with other III-V/silicon hybrid external cavity lasers. SMSR and linewidth are the best results in C-band. Power and WPE are the maximum output power and largest wall-plug efficiency. Of these devices, our tunable ECL achieves the largest tuning range by a factor of ~2 and the narrowest linewidth by a factor of ~5.
